We report a new global potential energy surface of the HOCO system based on the F12 correction of unrestricted coupled-cluster with singles doubles and approximative triples using the augmented correlation-consistent polarized valence triple-zeta basis set (UCCSD(T)-F12/AVTZ), fitted by using the neural networks. Quantum dynamics calculations confirmed the satisfactory convergence of surface with respect to the number of data points and fitting process. It is found that the total reaction probabilities and complex-formation probabilities obtained on the present surface differ considerably with those obtained on the potential energy surface recently reported by Li et al. [J. Chem. Phys. 136, 041103 (2012) ]. Various comparisons revealed that the present surface is substantially more accurate than that surface, representing the best available potential energy surface for this benchmark complex-forming four-atom system. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4811109] The OH + CO → H + CO 2 reaction plays a vital role in both atmospheric 1 and combustion chemistry, 2 and has been the subject of extensive experimental studies. The measured thermal rate constants are nearly independent on temperature between 80 and 500 K, but sharply increase with temperature at temperatures higher than 500 K. [3] [4] [5] This strong nonArrhenius behavior has been attributed to the presence of an intermediate HOCO complex and nonzero barriers in both entrance (OH+CO) and exit (H+CO 2 ) channels. Molecular beam experiment on the reaction carried out by Alagia et al. showed strong peaks both in the forward and backward directions, indicating the existence of intermediate complex. 6 Because of the presence of three heavy atoms and the long-lived intermediate complex, the OH+CO reaction presents a great challenge to both potential energy surface (PES) construction and quantum dynamics. 7, 8 In 1987, the first global analytical potential energy surface was developed by Schatz, Fitzcharles, and Harding based on the many-body expansion approach. 9 Later, Lakin, Troya, Schatz, and Harding constructed the LTSH PES by modifying the existing many-body expansion PES further based on their new ab initio calculations to give a more accurate description of the HO+CO entrance channel. 10 Recently, Li et al. developed a global PES for the system, denoted as CCSD-1/d PES, using the permutation invariant polynomial fit to ∼35 000 UCCSD(T)-F12/aug-cc-pVTZ energies. 11 Another modified version of this PES, denoted as CCSD-2/d, has also been reported by adding up to ∼48 000 ab initio points. 12 These two PESs provide a rather reliable description of ab initio points spread in a large configuration space relevant to the reaction a) J. Chen and X. Xu contributed equally to this work. b) Author to whom correspondence should be addressed. Electronic mail:
zhangdh@dicp.ac.cn dynamics, therefore are substantially more accurate than all the preceding PESs. Quasiclassical and quantum dynamics carried out on these PESs have produced many interesting results.
12, 13
Here, we report a new global potential energy surface for the reaction system, also based on the UCCSD(T)-F12/augcc-pVTZ level of ab initio method, but fitted by neural networks. Neural networks (NN) are general fitting methods that can be used, in principle, to fit any function.
14 Over the past two decades, they have been applied to fit many high-dimensional PESs for isolated molecules and moleculesurface systems. [15] [16] [17] [18] [19] [20] [21] [22] [23] Recently, we reported a very accurate global PES for the H 2 +OH ↔ H 2 O+H reaction based on ∼17 000 ab initio points calculated at UCCSD(T)-F12/augcc-pVTZ level of theory. 24 Various tests revealed that the new surface is considerably more smooth and accurate than the existing YZCL2 and XXZ surfaces, 25, 26 representing the best available potential energy surface for the OH 3 system. The present PES was fitted by the feed forward neural networks with two hidden layers with the following functional form,
where I is the degree of freedom of the system corresponding to the number of bond lengths for a molecular configuration, J, K defines the number of neurons used for fitting, x i (i = 1, . . . , I) are the bond lengths for a molecular configuration, the weights w 
To provide proper ab initio energy points for NN fitting of a global PES for the OH+CO system, we selected the first 6000 data points from molecular configurations generated from trajectory calculations on the LTSH PES by using the distance selection scheme. 17 Then we started to perform NN fitting and carried out extensive quasi classical trajectory (QCT) calculations on the fitted PES to generate more molecular configurations. New data points were selected from generated molecular configurations by using a selection scheme originally proposed by Behler, 22, 24 and had their ab initio energies calculated, added to the data set. This procedure was performed iteratively until a converged PES was achieved based on 74 400 ab initio points, as confirmed by quantum scattering calculations. This number of data points is considerably larger than that used by Li et al. 11, 12 for CCSD-2/d PES. Because of the large number of data points, we employed the segmental fitting scheme by dividing the data points into HO+CO entrance region, HOCO interaction region, and H+CO 2 exit region, and performing NN fitting for these three regions separately. 24 In order to put more effort into the lower energy part of the PES, the fitting error used in the Levenberg-Marquardt fitting algorithm was scaled by a factor of 0.2 for the points with energy greater than 2.5 eV (relative to the entrance asymptote), and for points between 1.5 and 2.5 eV, the scaling factor was defined as W = 0.4 × cos(π × (E ab initio − 1.5)) + 0.6 to provide a smooth connection. It is worthwhile to point out that there exist two reaction paths for the HO + CO → H + CO 2 reaction. One starts from the trans-HOCO configuration, goes through a barrier to the cis-HOCO figuration, and finally decays to the products via an exit barrier. The other proceeds first from the trans-HOCO configuration to H-CO 2 configuration with the hydrogen bonded to the carbon, then decays to product channel. Because the barrier between the trans-and cis-HOCO is much lower than that between trans-HOCO and H-CO 2 , the first reaction path is expected to play a dominant role, in particular in low collision energy region. The present PES covers both reaction paths in a rather balanced way, therefore is a global PES for the reaction system.
Due to the presence of two deep wells which support numerous overlapping resonances, it is extremely hard to converge quantum reaction probabilities to the level that we achieved for the OH 3 system, 24 no matter with respect to the number of data points, or to the fitting process. We found the use of neural network ensembles 27 can make the overall convergence better. In implementation, for a given set of data points we performed NN fitting repeatedly to generate about 40 PESs, then selected six PESs with the least fitting errors for average potential calculations. On the final version of the averaged PES we obtained the root mean square deviation (RMSD) for energy points lower than 1.5 eV of these three regions are 0.9 meV, 4.9 meV, and 3.5 meV, respectively. The overall RMSD and maximum deviation for energy points lower than 1.5 eV is 4.2 meV and 170 meV, respectively. Because we used a scaling factor of less than 1 for data points with energy higher than 1.5 eV, the RMSD for all the data points for the present PES is higher than that for low energy points, reaches 9.2 meV, but it is considerably less than that for CCSD-1/d and CCSD-2/d PESs of about 45.1 meV 11 and 47.3 meV, 12 respectively. To assess the convergence of the final PES averaged over six fitting, we also generated two PESs averaged over three fitting by dividing these six fitting randomly in two groups. Figure 1 (a) compares the total reaction probabilities for the total angular momentum J = 0 on these two PESs averaged over three fitting. The total reaction probabilities are full of pronounced oscillatory structures apparently due to numerous narrow but overlapping resonances of the long-lived HOCO complex. Despite the fact that one still can see from some small differences between reaction probabilities on some oscillatory structures, the overall agreement is very good. In Fig. 1(b) , we compare the total reaction probabilities obtained on one of the PESs shown in Fig. 1(a) with those obtained a PES averaged over three fitting based on 10% less data points. Again, the agreement is satisfactory although not as good as that shown in Fig. 1(a) . Therefore, we are confident that the final PES is converged satisfactorily with respect to the number of data points and fitting process. Figure 2 (a) shows the capture probabilities as a function of collision energy calculated as the flux into the wells on the present PES, in comparison with those from LTSH 8 and CCSD-1/d PES. 13 Obviously, the capture probabilities from these three PESs differ quite substantially. The present PES has the lowest threshold and highest capture probabilities, while CCSD-1/d PES has the highest threshold. The difference on threshold for these two PESs reaches ∼0.017 eV. The probabilities from the present and LSTH PESs smoothly increase with the collision energy. They rise quickly at collision energy below 0.05 eV, then increase slowly with further increase of collision energy with more or less the same slope up to 0.3 eV above which the probability from the present PES increases slightly faster. In contrast, the probability from CCSD-1/d PES has another quick rise region at collision slight higher than 0.1 eV. Figure 2(b) compares the total reaction probabilities for HO+CO → H+CO 2 for the total angular momentum J = 0 as a function of collision energy calculated on these three PESs. The total reaction probabilities, in particular the result from the present PES, show many narrow but overlapping resonances apparently due to the long-lived HOCO complex. Overall, the probabilities from LSTH and CCSD-1/d PESs are quite close to each other, while that from the present PES is considerably smaller than the other two, in particular at high collision energy region. The ratio between the reaction probability and capture probability gives the probability for the complex decaying into product channel. Because the present PES in general has the lower reaction probability and higher capture probability, compared to CCSD-1/d and LSTH PESs, the probability for the complex decaying into product channel on the present PES is substantially smaller than those on the other two PES, as shown in Fig. 2(c) . This indicates the exit transition state controlling the complex decaying into product channel on the present PES is much tighter than those on other two PESs.
Therefore, it is clear that the present PES differs considerably from the CCSD-1/d PES for dynamics calculations. As pointed earlier, the fitting error for the present PES measured in terms of RMSD for the data points used in fitting is substantially smaller than that for the CCSD-1/d PES, indicating the present PES is more accurate on fitting. To provide another measurement, we compare in Fig. 3 (a) the fitting errors for the 10% testing ab initio points on the CCSD-2/d and present NN PESs. Because these testing points were only used to check whether the over-fitting occurs in NN fitting of the remaining 90% points, such a comparison shown in Fig. 3(a) is not biased. One can see that for points with energy less than 1.5 eV, the RMSD and maximum deviation are 5.6 and 107.2 meV for NN PES, much lower than the corresponding values of 114.9 and 1000.1 meV for CCSD-2/d PES, in consistence with the overall RMSD of these two PESs.
To give more direct comparisons, we present in Figs 3 Frost et al., 4 and Golden et al. 5 supplementary material. 28 ) Figure 3 (b) shows a cut through the entrance saddle point by varying the distance between OH and CO, Fig. 3(c) shows a cut connecting the cis and trans minimums of the system by rotating the dihedral angle, and Fig. 3(d) shows a cut through the exit saddle point by rotating the dihedral angle. Apparently, the NN PES reproduce the ab initio energies very well, while the CCSD-1/d and CCSD-2/d behave less satisfactorily. As seen from Fig. 3(b) , although the barrier heights on these three PESs are quite close, the position on the CCSD-1/d and CCSD-2/d somehow were shifted to a larger distance. More importantly, the CCSD-1/d and CCSD-2/d overestimated the energies on that path by about 0.015 eV, rather close to the shift in threshold energy for capture probability on the CCSD-1/d and NN PESs shown in Fig. 2(a) . From Fig. 3(d) , one can see that both the CCSD-1/d and CCSD-2/d fit well at the exit saddle point, but underestimate energy by about 0.3-0.5 eV at large dihedral angles. As a result the exit channel of CCSD-1/d or CCSD-2/d is much wider than the NN PES, resulting in large probability for the complex decaying into product channel shown in Fig. 2(c) . Therefore, it is convincing that the present PES is more accurate than CCSD-1/d and CCSD-2/d, and the large differences on dynamical results shown in Fig. 2 indicate the CCSD-1/d and CCSD-2/d PESs are not sufficiently accurate for dynamical studies of the reaction system although they are much better than the LSTH PES.
Finally, in Fig. 4 we present the initial state selected rate constants for the ground rovibrational state obtained from quantum dynamical calculations under the centrifugal sudden (CS) approximation in a temperature range from 166 to 1700 K, in comparison with the CS result on the CCSD-1/d PES, 13 and some experimental results. [3] [4] [5] The theoretical rate constants on both PESs overestimate the experimental values at high temperatures but underestimate at low temperatures, with a crossing temperature between theory and experiment about 625 K and 400 K, respectively, for rates on present and CCSD-1/d PES. At the entire temperature region considered here, the rate on the present PES is smaller than that on the CCSD-1/d PES. Furthermore, the temperature dependencies of rate constants on these two PESs are slightly different, with that on CCSD-1/d apparently more close to a straight line. One should note that both theoretical rates are based on initial ground rovibrational state, while the experimental results are the thermal rate constants. Thus the discrepancy between the experiment and theoretical may come from the defects of the PES, or the neglect of influence of reagent rovibrational excitations, or both. More theoretical studies should be carried out to shed light on the discrepancy, to eventually lead a quantitative agreement between theory and experiment on this prototypical complex-formation four-atom reaction.
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